possibility of applying PCS for military purposes are considered, then antenna designs for wireless personal communication systems should be expanded in scope to cover the frequency range from the current 0.9-2.0 GHz to 0.9-3.0 GHz range. In this paper, studies for the characteristics of a printed meander line antenna [1] [2] [3] [4] [5] , using the finite difference time domain (FDTD) techniques [6] with Berenger's perfectly matched layers (PML) absorbing boundaries [7] are presented. The presented designs of the antenna shown in Fig. 1(b) , feature small dimensions (77 × 11 × 3.17 mm 3 ), approximately 50 Ω input impedance, dual frequency operating in the 0.9-3.0 GHz band, and on a comparably small ground plane (59 × 25.4 mm 2 ) . One of the validations of the numerical code used in this investigation is made by comparing the numerical results of the return loss of a rectangular printed patch antenna with the computed and measured data reported in [8, 9] . The analysis and empirical design equations for the input impedance, resonance and operating frequencies of meander line antennas with dual sleeves are provided.
ANALYSIS
The antenna considered in this investigation, as shown in Figure 1 , is a meander line trace printed on a dielectric slab with printed sleeves (passive radiators) sitting on a perfectly conducting ground plane. The parameters e1 and e2 represent the lengths of the vertical and horizontal printed traces, respectively. In this study, e1 and e2 are chosen to be 3 mm , and the width of the printed trace is 1 mm . The parameter L ax is the vertical length of the meander line. The distance between the edge of the dielectric slab and the edge of the ending segment of the meander line is set equal to e1 . The reason for modeling the meander line antenna on a small ground plane (59 × 25.4 mm 2 ) is to simulate its performance when this antenna is placed on top of a PCS handset. The main objective of this research is to design a meander line antenna with 50 Ω input impedance at dual operating frequencies within 0.9 to 2.5 GHz . Other important parameters are to minimize the size of the dielectric slab and the ground plane. The frequency range under study is extended form 0.9-3.0 GHz to 0.5-4.5 GHz for clearer observations of the resonance behavior of the antenna.
The finite difference time domain (FDTD) technique is applied to model the antenna inside a 3 dimensional air chamber terminated with 8 layers of the artificial boundaries based on Berenger's algorithm PML [7] . The PML is adopted to reduce the numerical reflection from the truncated computational boundaries, which resembles the anechoic chamber for antenna measurements. An array of voltage sources with a Gaussian waveform is placed between the ground plane and the edge of the first vertical segment of the trace line for excitations. To begin the meander line antenna design, the width (W s ) and thickness (t s ) of the dielectric slab are set to 3.17 mm and 11 mm , respectively. The changes in impedance and resonant frequency are observed by increasing the number of segments of the meaner line trace gradually until the design goal is achieved. In [2] [3] [4] [5] , meander line antennae have 50 Ω input impedance when they are measured on a large ground plane or in dipole configuration. When the meander line is printed on a small substrate sitting on a small ground plane as shown in Figure 1 , the input impedance reduces dramatically. In [2] , dual sleeves have been successfully used to tune the wire meander line antenna to 50 Ω and widen the bandwidth. Therefore, dual sleeves are printed on both edges of the dielectric substrate with spacing equal to e1 (or e2) . The length of the sleeves is adjusted for optimal matching. When the length of the sleeve is around half of L ax , the input impedance of the antenna is in the 50 Ω range, which agrees with the conclusions in [2] . Therefore, the study of unilaterally printed meander line antenna is begun with varying the L ax and with the sleeve length l equal to 1/2L ax . The effects of dielectric constant, the widths and thickness of the slab are also studied. In this simulation, the values of the dielectric constant are varied between 2.2 and 10.2, while the thicknesses of dielectric slab are 0.794,1.588, 3.175, 4.763, and 6.35 mm to conform with commonly used materials for radio frequency (RF) and microwave circuit boards. The width of the dielectric slab is varied from 11 to 41 mm which is an appropriate width to be incorporated with a PCS handset. From these numerical experiments, empirical equations are derived to facilitate the design procedure.
NUMERICAL RESULTS
The computation of the return loss of a rectangular patch antenna presented in [8] as shown in Figure 2 is reported here as a validation for the developed code. The FDTD cell discretization and the dimensions of this patch antenna can be found in [8] . In Figure 2 , good agreement between the computed numerical results and the published computed and measured data are observed. The necessary number of layers of air buffer between the patch antenna and the PML is also illustrated in this example. Reference [9] presents results obtained by placing 10 cells of PML on top of 5 cells of air above the patch and 3 cells of air away from the edge of the patch. In this paper, the number of PML layers used in all numerical cases is 8. In Figure 2 , negligible difference is observed due to the placement of the PML 2 cells and 5 cells away from the top surface of the patch. Therefore, the PML layers can be placed very close to the antenna under study as concluded in [7, 9] , which allows more computational resources for the problem space.
The input impedance of the initial design (t s = 3.17 mm and W s = 11 mm) of the meander line antenna with dual sleeves for various numbers of segments are plotted in Figure 3 . As shown in the Figure, the increase of L ax decreases all the resonant frequencies. The operating frequencies are the frequencies where the reflection coefficients are less than −20 dB as shown in Fig. 4 . Due to the existence of the dual sleeves, the first resonance is around 10 Ω for these shown antennas (Fig. 5(b) ). However, except for the antenna with L ax = 19 mm , the 1st and 2nd operating frequencies of these antennas are found at the vicinities of the 3rd and 5th resonance frequen- Fig. 5(b) ). The first operating frequency (4.14 GHz) of the antennas with L ax = 19 mm is between the 1st (2.5 GHz) and 3rd resonance (7.5 GHz) , which is above the frequency range of the current PCS applications. Additionally, optimal cases can be found when using 42 segments (64 mm for L ax ) and 48 segments (73 mm for L ax ) , where the 3rd and 5th resonance impedance is 42 Ω and 40 Ω , 40.5 Ω and 47 Ω , respectively. The 3rd and 5th resonant frequencies for these two designs are in the frequency range of 0.9 to 3.0 GHz , which indicate that for L ax between 64 and 73 mm , dual frequencies operation is achievable within the current or future PCS applications. Furthermore, these antennas are adequately matched to the traditional 50 Ω impedance of the front-end circuitry. This 50 Ω input impedance feature should simplify the PCS system designs by removing the impedance matching network between the feed and the antenna. From Figure 5 (d), the bandwidths of these antennas with L ax between 64 and 73 mm are around 12% and 4.5% for the first and second operating frequencies, respectively. The empirical equations for the 1st and 2nd operating frequencies and 3rd and 5th resonance impedance for various values of L ax are derived from regression curve-fit of the data plotted in Figure 5 . The empirical equations for the operating frequencies are 
while the equations for the 3rd and 5th resonance impedance are given by
These empirical equations are for meander line antennas with dual sleeves (l 1 = 1/2L ax ) using 1 mm trace, e1 = e2 = 3 mm, t s = 3.17 mm and W s = 11 mm , substrate relative permittivity of 2.2, and a 59 × 25.4 mm 2 ground plane. It is worth noting that the first operating frequency for L ax within 46 and 64 mm featured a bandwidth of 12 percent that may support the upcoming 3rd generation cellular systems, operating around 2 GHz as shown in Fig. 5 . In addition to changing L ax , different values of the substrate dielectric constant are adopted to examine their influence on both resonant frequency and impedance in the optimal case (L ax = 73 mm) . From Figure 6 (a), the operating frequency decrease with the increase of the dielectric constant. From Figure 6(b) , when ε r is less than 6, the change of ε r can be used to tune the operating frequencies. When ε r is larger than 6, the input impedance is becoming unacceptable for 50 Ω PCS application as clearly shown from the corresponding VSWR values in Figure 6 (b). Figure 6(c) shows that the bandwidth values are also acceptable for values of ε r < 6 .
The effect of the dielectric slab thickness t s is also investigated. It is found that the thickness of the dielectric slab changes the resonant frequencies within 0.1 GHz for both the 1st and 2nd operating frequencies as shown in Figure 7 (a). The 1st and 2nd operating frequencies are also in the vicinities of 3rd and 5th resonance, respectively. However, the changes of the input impedance are detectable as shown in Figure  7 (b). When the thickness is small, the better VSWR is observed, but the bandwidth of the 1st band is reduced from 12 percent to 10 percent as shown in Figure 7 (c). The empirical equations for the 1st and 2nd operating frequencies versus t s are
The empirical equations for the 3rd and 5th resonance impedance versus t s are Finally, the effects of the width of the dielectric slab are also investigated for the antenna with L ax = 73 mm . From Figure 8 , the variations of the operating frequencies and bandwidth due to the change of the slab width are insignificant. However, the effects on the input impedance are clearly noticeable from the VSWR values. The operating frequencies are in the vicinities of the 3rd and 5th resonance. When the width is less than 20 mm , this antenna performs as a good 50 Ω dual band antenna. This feature can be applied to the antenna printed on a small circular cylinder whose curvature is comparably small to the wavelength to reduce the size of the substrate. The relation between the operating frequencies versus W s can be described as
The relations between the 3rd and 5th resonance impedance versus W s are
CONCLUSIONS
A detailed investigation for optimizing the printed meander line antenna with dual sleeves for personal wireless communication has been presented. Empirical equations are obtained and used to achieve a design in which an external matching network is not necessary. An additional fine tuning for the operating frequencies and input impedance is achieved by varying the dielectric slab parameters. The presented meander line with dual sleeves cover the frequency range 1.25 GHz to 3.0 GHz with VSWR less than 1.4 and bandwidth varied within 120-340 MHz, which may effectively support the upper PCS bands and the future 3rd generation cellular applications. The application around 0.8-1 GHz may be realized by extending L ax and using a higher permittivity substrate to shorten the necessary increase of L ax . Future studies will be focused on the optimization of the radiation pattern parameters. 
